Human cytomegalovirus (HCMV) is the most common cause of congenital infections in developed countries, with an incidence varying between 0.5 and 2.2% and consequences varying from asymptomatic infection to lethal conditions for the fetus. Infants that are asymptomatic at birth may still develop neurological sequelae, such as hearing loss and mental retardation, at a later age. Infection of neural stem and precursor cells by HCMV and consequent disruption of the proliferation, differentiation, and/or migration of these cells may be the primary mechanism underlying the development of brain abnormalities. In the present investigation, we demonstrate that human neural precursor cells (NPCs) are permissive for HCMV infection, by both the laboratory strain Towne and the clinical isolate TB40, resulting in 55% and 72% inhibition of induced differentiation of human NPCs into neurons, respectively, when infection occurred at the onset of differentiation. This repression of neuronal differentiation required active viral replication and involved the expression of late HCMV gene products. This capacity of HCMV to prevent neuronal differentiation declined within 24 h after initiation of differentiation. Furthermore, the rate of cell proliferation in infected cultures was attenuated. Surprisingly, HCMV-infected cells exhibited an elevated frequency of apoptosis at 7 days following the onset of differentiation, at which time approximately 50% of the cells were apoptotic at a multiplicity of infection of 10. These findings indicate that HCMV has the capacity to reduce the ability of human NPCs to differentiate into neurons, which may offer one explanation for the abnormalities in brain development associated with congenital HCMV infection.
Approximately 70 to 100% of the healthy adult population is seropositive for human cytomegalovirus (HCMV) (1, 18) , a member of the herpesvirus family. Lifelong latency is established after a primary HCMV infection, and the virus has developed a number of strategies for evading immune recognition (53) . HCMV is an opportunistic pathogen, causing significant morbidity and mortality primarily in immunocompromised patients. Furthermore, transmission of HCMV to the fetus is the most common type of intrauterine infection (23, 60) , with a worldwide incidence of 0.5 to 2.2% (2, 23, 55) . The fetus can be infected during all trimesters, in connection with either a primary or recurrent infection in the pregnant women (38, 55) . A congenital HCMV infection may be asymptomatic, but can also lead to a congenital syndrome characterized by, e.g., microcephaly (the most prominent manifestation of brain disorder), hearing loss, mental retardation, periventricular calcification, hydrocephalus, and/or microgyria (4-6, 12, 23) .
Approximately 5 to 10% of the infants infected exhibit symptoms at birth, and an additional 10 to 15% will develop neurological sequelae, such as mental retardation and hearing loss, at a later age (13, 41, 42) . The neuropathogenesis of these brain disorders has not yet been fully elucidated. However, in light of the fact that HCMV-infected cells are located predominately in the ventricular and subventricular zones (SVZ) (6, 43) , this virus may disrupt the functions of neural stem cells present in these regions.
CMV is a species-specific virus, which entails obvious difficulties in investigating its pathogenesis in humans. Therefore, most of the research in this field has employed murine CMV (MCMV) as a model to study the neuropathogenesis of CMV infection. Mouse stem cells are permissive for infection by MCMV, which has been shown to inhibit the self-renewal, differentiation, and proliferation of murine neuronal stem cells in vitro (29) . In addition, such infection in the developing mouse brain disturbs neuronal migration and induces loss of neuronal cells (50) , possibly by promoting apoptosis in noninfected cells (30) . However, even though apoptosis has been found to be blocked in primary neuronal cultures infected with MCMV (30) , infection of both astrocytes and neurons in vitro enhances the frequency of cell death (57) .
Recent progress in the isolation and culture of human neural precursor cells (NPCs) in vitro offers new possibilities for characterizing the effects of HCMV on the functions of these cells. Human neural precursor cells can be expanded as neurospheres, giving rise to both phenotypic neuronal and glial cells following differentiation in vitro. Although astrocytes (31, 33) , neurons (35) , the neuronal cell line HCN-A1 (45) , and an oligodendrocytic cell line (54) can all be infected with HCMV, only astrocytes and neurons appear to be fully permissive for such infection. In mixed cultures of the latter two types of cells, HCMV seems to preferentially infect astrocytes (33, 57) . Recently, Cheeran et al. showed that human NPCs are susceptible to infection with HCMV (11) . Infection of NPCs or differentiated cells with HCMV is associated with impaired cell proliferation (11, 35) and an increased frequency of cell death (33, 35, 57) that may or may not be due to apoptosis (33, 35) . Furthermore, HCMV infection of differentiated cells is associated with cell-cell reinfection (36) . Infection of neuroepithelial stem cells with HCMV, in contrast to the case with MCMV, does not affect differentiation (35, 36) , although it does enhance cell death (36) . In the present investigation, we utilized forebrain tissues from fetuses aborted electively as a unique source of human neural stem and progenitor cells, appropriate for characterizing the consequences of HCMV infection. We demonstrate that HCMV inhibits the induction of neuronal differentiation and induces apoptosis in infected cells, observations that may shed some light on the pathogenesis of developmental brain disorders associated with congenital HCMV infection.
MATERIALS AND METHODS
Forebrain tissue from human fetuses aborted during the first trimester. After obtaining written informed consent from the pregnant women and approval by the Regional Human Ethics Committee, Stockholm, Sweden, forebrain tissue was collected from human fetuses aborted electively during weeks 5 to 12 of gestation. The gestational age of the tissue was determined from the size of the fetus and by examination of anatomical landmarks in accordance with England's atlas (16) . The subcortical forebrain was dissected under sterile conditions in Dulbecco's modified Eagle's medium (DMEM)-F-12 medium (Invitrogen, Life Technologies) and subsequently processed for the establishment of neurosphere cultures or for the induction of differentiation as described below.
Establishment of neurosphere cultures from human forebrain tissue. The samples of human tissues were dissociated mechanically into single-cell suspensions by employing a glass-Teflon homogenizer, following which neurospheres were established and propagated by a slight modification of the procedure developed by Carpenter et al. (8) . In brief, 20 ml of cells (10 ϫ 10 4 to 15 ϫ 10 4 /ml) was cultured in 75-ml noncoated flasks (Nunc) suspended in DMEM-F-12 (1:1; Invitrogen Life Technologies) supplemented with 0.6% glucose, 5 mM HEPES, heparin (2 g/ml; Sigma), N2 (1% [vol/vol], Life Technologies), epidermal growth factor (EGF; 20 ng/ml [R&D Systems]), basic fibroblast growth factor (bFGF; 20 ng/ml [R&D Systems]), and ciliary neurotrophic factor (CNTF; 10 ng/ml [R&D Systems]), which resulted in the formation of free-floating neurospheres. These cells were maintained at 37°C in an atmosphere of 5% CO 2 and 95% O 2 , with fresh medium added twice each week. The neurospheres were harvested every 7 to 10 days (depending on the rate of growth of the individual culture) using TrypLE in accordance with the manufacturer's instructions (Invitrogen, Life Technologies) and thereafter recultured in fresh medium as described above. In all cases, the medium in which neurospheres were cultured was free from antibiotics. Herein, we refer to cultured human neural cells grown as free-floating neurospheres as NPCs.
Differentiation of NPCs into neuroblasts in vitro. The neurospheres of human cells obtained as described above were subsequently dissociated using TrypLE (again, as described above) and thereafter suspended (60,000 cells/ml) in neurobasal medium supplemented with B27 (both procured from Invitrogen Life Technologies) and seeded (1 ml/well) on poly-D-lysine (0.1 mg/ml; Sigma) circular glass coverslips (13 mm in diameter) in 24-well plates (Nunc). The cells were then allowed to differentiate for 7 days prior to fixation and the performance of immunocytochemistry. Different strains and doses of HCMV were added to the culture medium either at the time of initiation of differentiation or 1 to 3 days later. The differentiation in neurobasal medium promotes the cells to differentiate primarily to neurons and not to astrocytes (less than 1% glial fibrillary acidic protein [GFAP]-positive cells in our cultures).
Strains of HCMV. Cells were infected with either the HCMV laboratory strain Towne or the clinical strain TB40 at a multiplicity of infection (MOI) of 0.1 to 10 and fixed 7 days postinfection (dpi). The viral strain Towne was propagated as follows. Cell-free viral stocks were prepared from supernatants of human lung fibroblast cell cultures, frozen, and stored until use at Ϫ70°C. TB40 was propagated in human umbilical vein endothelial cells (HUVECs) with EGM2 medium. HUVECs were used until passage 7. Virus titers were determined by plaque assays as described previously (61) .
Flow cytometric analysis. A fluorescence-activated cell sorter (FACSort; Becton Dickinson) was used to analyze NPCs prepared from human forebrain and cultured in vitro for the intracellular expression of nestin, prior to differentiation. For this purpose, approximately 1 ϫ 10 5 to 2 ϫ 10 5 cells were fixed with the Cytofix solution of the Cytofix/Cytoperm kit (BD Pharmingen) according to the manufacturer's instructions, prior to incubation on ice for 30 min with antibodies against nestin (diluted 1:3,000; Chemicon). The cells were then washed with phosphate-buffered saline (PBS) and subsequently incubated with fluorescein isothiocyanate-conjugated rabbit anti-mouse antibody (2 l/tube; Dakopatts) for 30 min, followed by a final rinse in PBS. Nonspecific fluorescence was determined using equal volumes of cells incubated with the corresponding mouse monoclonal antibody.
Cells were also analyzed for the expression of CD133 prior to and after differentiation, by incubating cells with CD133-specific antibody (1:20; Miltenyi Biotec) according to the manufacturer's instructions or with the corresponding isotype control (Dakopatts). Finally, the specific fluorescence of the cells was analyzed in a flow cytometer (FACSort; Becton Dickinson), using CELLQuest software (Becton-Dickinson Immunocytometry Systems, San Jose, Calif.).
PI staining for measurement of DNA loss. NPCs were differentiated into neurons in the presence or absence of HCMV (TB40), in neurobasal medium. Cells were harvested 7 days later using TrypLE (as described above) and fixed in 70% ethanol for at least 30 min at 4°C. Ethanol was removed by centrifugation, and cells were washed twice with PBS. Thereafter, cells were treated with RNase (100 g/ml) (to ensure DNA labeling only) before being stained with propidium iodide (PI; 50 g/ml). The DNA loss (hypodiploidy) was assessed by flow cytometry analysis using a FACScan flow cytometer (FACSort; Becton Dickinson).
Immunocytochemical evaluation. The differentiated cells on the glass coverslips were first fixed with buffered 4% paraformaldehyde, pH 7.4, for 10 min at room temperature and thereafter were preincubated with 1.5% normal goat serum for 30 min prior to incubation with the primary antibodies. The primary monoclonal antibodies employed were directed against the following antigens: nestin (diluted 1:100; Chemicon), the proliferating cell nuclear antigen (PCNA; ). These primary antibodies were diluted in 0.1 M PBS containing 0.3% Triton X-100 as indicated above, prior to incubation with the cells for 2 h at room temperature or overnight at ϩ4°C, followed by three rinses in PBS.
Visualization of bound primary antibodies was achieved by incubation for 60 min at room temperature with secondary antibodies conjugated to Alexa Fluor 488 (diluted 1:900; Molecular Probes) or Cy3 (diluted 1:1,800; Jackson Immunoresearch Laboratories, Inc.) followed by a final rinse in PBS. In addition, the cell nuclei were stained with DRAQ-5 (diluted 1:1,000; Alexis Corporation) or Hoechst stain (1 g/ml) prior to mounting the coverslips with FluorSave reagent (Calbiochem) or PVA-DABCO [9.6% polyvinylalcohol, 24% glycerol, and 2.5% 1,4-diazabicyclo (2.2.2) octane in 67 mM Tris-Cl, pH 8.0]. Negative control slides were processed in the same manner, but omitting the primary antibodies. The images were examined in a fluorescence microscope (Axiophot; Zeiss) and documented using a charge-coupled device camera (ORCA-ER, C4742-95; Hamamatsu) together with the Openlab software for Macintosh (Improvision). The numbers and/or percentages of cells expressing the different antigens analyzed were calculated by counting three fields per glass (magnification, ϫ20).
Proliferation assay: thymidine incorporation. Cells were seeded onto poly-Dlysine-coated 96-well plates, (15,000 cells/well) in a differentiation-promoting medium (neurobasal) and infected at the time of seeding. At different time points (1 to 7 days later), the cells were pulsed with 1 Ci [methyl-
3 H]thymidine (Amersham, Life Science) for 16 h before they were harvested onto filters using a plate harvester (Harvester 996; Tomtec, Hamden, Conn.) according to the manufacturer's instructions and counted in an automated counter (1450 MicroBeta Trilux; Wallac AB, Bromma, Sweden).
Treatment with Foscavir. Following infection with strain Towne by incubation for 2 h at an MOI of 1 and 10, cells were exposed to Foscavir (0.5 mM foscarnet sodium; Astra Zeneca, Södertälje, Sweden) for 7 days. Thereafter, these cells were fixed as described above and stained for the expression of immediate-early (IE) and late (gB) HCMV genes, ␤-tubulin III, PCNA, and active caspase 3 as described above. As a control for the toxicity of Foscavir, uninfected cells were also exposed to this compound.
Evaluation of the effect of medium from virus-infected cells. (i) Differentiation in the presence of medium from virus-infected cells. Following 7 days in cultures, the media from uninfected and HCMV-infected cells were collected, cleared by centrifugation, filtered to remove virus particles, and then added to fresh cultures of uninfected cells at the time of initiation of the differentiation. Cells were fixed 7 days later and stained for the expression of ␤-tubulin III, active caspase 3, and IE HCMV antigens.
(ii) Virus production by infected cells. After 7 dpi, the medium from infected cells was collected, cleared by centrifugation, and stored at Ϫ70°C. After thawing and dilution (1:2), this medium was used to infect fibroblasts (MRC-5), which were subsequently stained for the presence of IE HCMV antigen.
Statistical analysis. Data are expressed as mean Ϯ standard deviation (SD). A paired Student's t test was used to determine statistically significant differences (P Ͻ 0.05).
RESULTS

NPCs are permissive for HCMV infection.
In order to evaluate their susceptibility to infection by the Towne and TB40 strains of HCMV, cells were harvested 7 dpi and stained for the presence of early (IE) and late (gB or pp65) HCMV proteins. At an MOI of 0.1, IE immunoreactive (IR) cells were mainly demonstrated in cultures infected with TB40 (14% Ϯ 12%, n ϭ 5), as compared to cells infected with Towne (1% Ϯ 1%, n ϭ 3) (Fig. 1) . However, at an MOI of 1 or 10, IE-positive cells were present both in cell cultures infected by the Towne strain (23% Ϯ 14% and 63% Ϯ 25% for MOIs of 1 and 10, respectively) or TB40 (61% Ϯ 24% and 82% Ϯ 26% for MOIs of 1 and 10, respectively) strains (Fig. 1) . These NPCs also expressed gB and pp65, demonstrating that both early and late viral gene transcription occurs in infected cells: i.e., the cells are permissive for the infection (Fig. 1) . In order to assess the production of virus by infected NPCs, the medium from such cells was collected at 7 dpi and used to culture fibroblasts, which are fully permissive to infection by HCMV. Following 7 days of such exposure to medium from cells infected with an MOI of 10, Ͻ5% of the fibroblasts expressed HCMV proteins, while none of these cells expressed such proteins when the initial infection was performed with an MOI of 0.1 or 1 (data not shown). Thus, although NPCs are completely permissive for infection, few virus particles appear to be released.
HCMV prevents the induction of neuronal differentiation. We infected NPCs at the same time differentiation was induced on coated wells in neurobasal medium, and cells were analyzed for the expression of ␤-tubulin III 7 days later. Prior to differentiation, the majority of these cells express nestin (92% Ϯ 3%) and CD133 (73% Ϯ 15%), markers widely used for identifying NPCs, and this expression is reduced as differentiation occurs. Infection with the laboratory strain Towne significantly inhibited this neuronal differentiation, as demonstrated by decreased expression of ␤-tubulin III, at MOIs of 1 (55%) and 10 (75%), but not with an MOI of 0.1 ( Fig. 2A and  C ). This inhibition of the maturation was dependent on active replication of the virus, since cells infected with virus that had been inactivated with UV light, and thus did not replicate, matured and expressed ␤-tubulin III at levels similar to those detected in uninfected cells ( Fig. 2A and C) . To verify that the inhibition of the induced neuronal differentiation was also manifested by a clinical isolate, NPCs were infected with TB40, which was found to prevent induction of neuronal differentiation in a similar manner (Fig. 2B and C) . Infection with this strain at an MOI of 1 resulted in 75% inhibition, a value that was elevated to 85% inhibition at an MOI of 10. In this case, even an MOI of 0.1 reduced the number of cells expressing ␤-tubulin III, although not to an extent that was statistically significant (Fig. 2C) . To certify that HCMV prevented NPCs from differentiating into neurons and not only altered the expression of ␤-tubulin III, cells were also stained for the neural marker MAP2. Indeed, the expression of this marker was also reduced in HCMV-infected cultures, as compared to uninfected cell cultures (Fig. 2D ). In addition, the very early stage of neuronal differentiation includes cellular processes that are lacking in infected cultures ( Fig. 2A and B) . Moreover, the ability of both virus strains (TB40 and Towne) to block differentiation was independent of the number of passages, since even after 14 passages, infection attenuated the number of cells expressing ␤-tubulin III and MAP2 (data not shown). Clearly, HCMV can prevent induction of the differentiation of human NPCs into neurons.
We also analyzed the phenotype of the cells present in the infected cell cultures: i.e., we examined whether infected NPCs remained immature. In the undifferentiated cultures, a majority of the cells stained positively for both nestin and CD133 (data not shown), and this was also the case in cultures infected with Towne (MOIs of 1 and 10) (Fig. 2E and F , n ϭ 5) or TB40 ( Fig. 2E and F, n ϭ 4) . While only a small fraction (Ͻ10%) of the cells infected with Towne or TB40 (data not shown) expressed ␤-tubulin III (Fig. 2G) , the vast majority of the infected cells remained nestin positive (Fig. 2H) , which suggest that a majority of the infected cells appeared to remain undifferentiated.
The products of late HCMV genes are responsible for inhibition of neuronal differentiation. Since active virus replication was required to block neuronal maturation, we examined in greater detail whether products of early or late HCMV genes were responsible for this prevention by treating cells (both uninfected and infected) with Foscavir (0.5 mM), a selective inhibitor of late HCMV gene transcription. We confirmed that Foscavir treatment was functioning as expected by demonstrating, through analysis of gB, that in the presence of this drug only a very small percentage (0 to 1%) of the cells in infected cultures expressed gB (Fig. 3B) . The lack of effect of Foscavir on neuronal differentiation was apparent from the fact that similar percentages of uninfected cells expressed ␤-tubulin III in the absence and presence of this drug (66% Ϯ 15% versus 63% Ϯ 15%, respectively; Fig. 3 ). The reduction in the number of cells staining positively for ␤-tubulin III when infected with Towne at MOIs of 1 and 10 (33% Ϯ 7% and 21% Ϯ 9%, respectively) was prevented by Foscavir (57 Ϯ 13 and 57 Ϯ 4, respectively) ( Fig. 3; n ϭ 4) . Thus, the products of late HCMV genes appear to be responsible for the inhibition of neuronal differentiation. It is noteworthy that an MOI of 1 resulted in a 55% inhibition of the number of cells expressing ␤-tubulin, although only a minority of the cells (approximately 20%) were infected. Therefore, we investigated whether infected cells were releasing a soluble factor, encoded by either the host or viral genome that could cause such inhibition. For this purpose, the medium from uninfected and HCMV-infected cell cultures was collected, cleared by centrifugation, and added to uninfected cells at the time of initiation of differentiation. However, the ability to differentiate into neurons was not influenced by these media (data not shown), suggesting that a release of soluble factors is not involved in the inhibition observed.
Infected cell cultures exhibit an attenuated ability to proliferate. The reduction in the total cell number observed in infected cultures (Fig. 4A) , in comparison to uninfected cultures, could be a consequence of inhibition of cell proliferation and/or induction of cell death. In order to determine whether infection by HCMV influences cell proliferation in our system, as has been observed in HCMV-infected fibroblasts (34) and in human NPCs (11), cells were stained for PCNA. Infection of NPCs with the laboratory strain Towne resulted in significantly attenuated proliferation (Fig. 4B) at an MOI as low as 1 (33% reduction; P Ͻ 0.05). Interestingly, infection with the clinical strain TB40 displayed an ever more pronounced effect (Fig.  4C) , with a 70% reduction in the expression of PCNA at an MOI of 1. This difference probably reflects the difference in the infection level between the two strains (Fig. 1) . The effect on cell proliferation was also analyzed by [ 3 H]thymdine incorporation, which demonstrated a significantly reduced cell growth in infected cell cultures (data not shown). This negative effect on the proliferation was dependent on active virus replication ( Fig. 4B and C) , but not on expression of late viral genes, since cells treated with Foscavir (0.5 mM) also displayed decreased expression of PCNA (Fig. 4D) . Thus, HCMV appears to inhibit progression of the cell cycle, which suggests a possible explanation for the reduced cell number present in infected cultures.
HCMV evokes apoptosis of infected cells. HCMV infection causes characteristic morphological alterations in cells, including swelling and formation of lobular nuclei. In most cell types, HCMV infection has been shown to block apoptosis, involving several different mechanisms and HCMV proteins (19, 47, 52, 63) . However, there are discrepancies in the reports regarding the ability of the virus to cause apoptosis in NPC/neural stem cells.
Uninfected and HCMV-infected cells were investigated for the presence of cell death by staining of the unfixed cells with PI and analysis using flow cytometry at 7 dpi. In infected (n ϭ 11 for Towne and n ϭ 5 for TB40). The expression of MAP2 in uninfected or HCMV (TB40)-infected cultures 7 days after the initiation of differentiation is shown in panel D (n ϭ 3, mean value Ϯ SD). The expression of nestin and CD133 in uninfected cell cultures and in cultures infected with HCMV was analyzed, and the mean percentages Ϯ SD of cells expressing nestin (n ϭ 5 for Towne and n ϭ 4 for TB40) and CD133 (n ϭ 4 for TB40) are shown in panels E and F, respectively. The percentage of infected cells (IE positive) that were IR for ␤-tubulin III is shown in panel G (Towne, n ϭ 10). Panel H shows one representative example of infected cells stained for IE protein (red), nestin (green), and Hoechst stain (blue, nuclear staining). Statistical analysis was performed with Student's paired t test. *** , P Յ 0.001; ** , P Յ 0.01; * , P Յ 0.05. [data only shown for TB40-infected cells]). To further characterize whether this increased cell death was due to necrosis or apoptosis, the results of immunofluorescence analysis of active caspase 3 staining, a marker for apoptosis (Fig. 5B) , and flow cytometry analysis of nuclear DNA loss (hypodiploidy) (Fig.  5C ), a typical feature of apoptosis, were assessed 7 days after the onset of differentiation, in the presence or absence of HCMV. Infection of our cells with Towne or TB40 induced apoptosis, since there was an enhanced level of active caspase 3 (Fig. 5B) , as well as a higher percentage of hypodiploidic cells (Fig. 5C) . However, increased apoptotic activity was not observed in infected cells treated with Foscavir (0.5 mM), which is known to block late, but not early, viral gene transcription (data not shown). Furthermore, the induced cell death observed in infected cultures was not mediated by soluble factors, host or virus encoded, since medium from uninfected and HCMV-infected cell cultures added to uninfected cells at the time of initiation of differentiation did not result in apoptosis (data not shown). Since MCMV has been found to induce apoptosis in even uninfected cells in infected animals, we stained our cells for both active caspase 3 and IE protein, to determine whether such a phenomenon was also occurring here. The majority (70%) of the apoptotic cells in our cultures were infected, demonstrating clearly that it was primarily the infected cells that underwent apoptosis. Inhibition of neuronal differentiation by HCMV occurs early in the differentiation process. To examine whether HCMV can influence the differentiation of cells already committed to differentiate into neurons, we infected NPCs with Towne at different time points (24 to 72 h) following initiation of the differentiation. All cells were fixed and analyzed for phenotypic markers and the expression of viral antigens at 7 dpi. Neuronal differentiation of these cells was not affected if they were infected with Towne at an MOI of 1, at 24 or 72 h following stimulation (Fig. 6A) . However, at an MOI of 10, a reduction in the percentage of cells expressing ␤-tubulin III (Fig. 6A ) was present after 24 h, but not after 72 h (Fig. 6A) . In order to be certain that this lack of inhibition was not simply due to an absence of or attenuated HCMV infection, cells were also stained for virus-specific proteins. Clearly the cells were infected at similar levels (compare Fig. 6B with Fig. 1C) , even when the virus was added at later time points. Thus, the ability of HCMV to interfere with the maturation is limited to the initial 24-h period following stimulation.
Infection with HCMV 1 or 3 days following initiation of differentiation still induced apoptosis, but no longer influenced cell growth. Since infection with HCMV at the same time as initiation of differentiation attenuated the rate of cell proliferation and simultaneously enhanced the frequency of apoptosis, we examined whether infection 1 or 3 days later exerted similar effects. Interestingly, infection at these time points following initiation of differentiation did not influence cell proliferation (Fig. 7B) , but still elevated the frequency of apoptosis (Fig. 7A) , which was dependent on active virus replication. Thus, interference by HCMV with these different cellular functions was affected differentially by the state of cell differentiation. 
DISCUSSION
Although HCMV is the most common cause of congenital infection, the mechanisms underlying pathogenic responses to such infection have not yet been fully characterized. In light of the fact that HCMV is known to interfere with various cellular functions (14, 20, 39, 40, 56) , the abnormalities in brain development associated with a congenital infection most likely involve viral interference with the functions of NPCs. This hypothesis is in agreement with the observation that HCMV tends to preferentially infect the ventricular zone and SVZ of the fetal brain (6, 43) , which is where undifferentiated neuroepithelial cells, including neural stem and progenitor cells, are primarily located (15, 27 ). An enhanced understanding of how HCMV interferes with the function of NPCs is also of considerable interest in connection with future possibilities for neural repair by transplantation of these cells (7) (8) (9) 17) . Clinical HCMV infection occurs very frequently during the period following transplantation of hematopoietic stem cells and organs. A susceptibility of human neural stem cells to malfunctions caused by HCMV, which is indicated by the pronounced incidence of neurological symptoms associated with congenital HCMV infection, might present a serious obstacle to neural transplantation, especially since most individuals carry a latent HCMV infection.
In the present investigation, we have demonstrated that HCMV inhibits the induced differentiation of NPCs into neurons. Infected cells express nestin and CD133, markers for undifferentiated cells/NPCs, implying that these cells remain undifferentiated. In contrast, infection with nonreplicating virus does not block the maturation of NPCs into neurons.
Inhibition of the maturation of NPCs into neurons by HCMV appears to be mediated by late viral gene products, since treatment with Foscavir prevents this inhibition. Interestingly, although only a minority (approximately 20%) of the cells was infected with the virus at an MOI of 1, much more pronounced inhibition of maturation was observed. One obvious possible explanation for this apparent discrepancy is that the inhibition is mediated by the production and release of a soluble factor(s), encoded either by the host or viral genome. Indeed, the interference of HCMV with the functions of, e.g., dendritic and endothelial cells, is known to be mediated by soluble factors (48, 62) . However, in the presence of medium collected from infected cell cultures, NPCs were found here to differentiate in a normal manner, suggesting that soluble factors are not involved. However, it is still possible that soluble factors requiring close cell-to-cell contact or factors that are rapidly degraded or removed might be involved.
Previously, HCMV has been shown to inhibit the induced differentiation of both macrophages and dendritic cells through a direct contact with these cells (21, 22) . This observation suggests that HCMV can induce the same phenomenon in different types of cells via different mechanisms and/or viral genes. Furthermore, the ability of the virus to inhibit induced cell maturation was shown here to be limited to cells not yet committed to differentiate. Thus, viral inhibition of neuronal differentiation is attenuated 24 h after initiation of differentiation and disappears completely after 3 days. This observation is in agreement with earlier reports that the ability of HCMV to interfere with differentiation into macrophages and dendritic cells is limited to immature cells (21, 22) . Neuropathological studies have revealed that HCMV can infect a wide variety of cells in the central nervous system, including neuroepithelial precursor cells and neuronal, glial, and endothelial cells. However, in vitro studies have revealed conflicting data regarding the virus' cellular tropism, and it has been suggested that the susceptibility of cells to HCMV infection is at least partially dependent on their state of differentiation (46) . Whereas primary cultures of differentiated human astrocytes support productive replication of HCMV (10, 33, 37) , the susceptibility of immortalized astrocytic cell lines to infection by this virus varies from complete resistance to partial expression of viral genes (46) . Moreover, there are similar reports concerning neurons. While the ability of the neuronal HCN-1A cell line to support HCMV replication is reported to be elevated in connection with differentiation (45), cultures of highly enriched and purified mature neuronal cultures from the fetal cortex do not support viral growth or exhibit any morphological changes following viral infection (33, 45) . In the present study, NPCs and cells that had already begun to differentiate for 1 or 3 days were both permissive for infection and exhibited cytopathic effect, at similar levels, which is in concordance with previous reported data (11) . These discrepancies between the findings of different groups of researcher may be due to the use of different concentrations of virus, different viral strains, cells of different origins, and/or different culture conditions.
Here, we discovered that NPCs are more susceptible to infection by TB40 (a clinical strain of HCMV) than by Towne (a laboratory strain). Surprisingly, although the infected cells stained positively for both early and late gene products, very few infectious virus particles were detectable in the supernatants. Productive HCMV infection accompanied by a block in release of virus can occur with HCMV-infected macrophages (25, 59) , possibly reflecting disruption of the organized tubulin network in infected cells. Even without release of virus particles, HCMV-infected cells can transfer virus to other cells by direct cell interaction (35, 59) , which is most likely what happens with NPCs in culture.
The reduction in the number of cells present in our infected cultures is in agreement with previous findings (11, 30) and can be due to an inhibition of the cell cycle progression and/or increased cell death. The ability of HCMV to interfere with cell cycle progression in infected fibroblasts has been well characterized (26, 29, 34) . In our experiments, HCMV infection reduced the proliferative activity of infected cells, more so in the case of the clinical isolate TB40 than the laboratory strain Towne, possibly due to the higher level of infection by the former (61% versus 23% IE protein-expressing cells at an MOI of 1, respectively). This negative influence on prolifera- tion was only exerted when the cells were infected at the onset of differentiation, suggesting once again that the ability of the virus to interfere with cellular functions depends on the state of differentiation of the cell. Since NPCs and neurons exhibit similar susceptibilities to HCMV infection, the divergent effects on growth are not due to different degrees of infection. Moreover, the reduced proliferative capacity was dependent on transcription of early viral gene product(s). Furthermore, HCMV is known to block apoptosis in infected fibroblasts (19, 47, 52, 63) , and the virus was recently also shown to inhibit apoptosis in human NPCs (11) . In contrast, we here describe a clearly opposite observation, since the infected cells in our study displayed an augmented frequency of apoptosis, regardless of whether the cells were infected at the onset of differentiation or at later time points. This discrepancy between our observations and those of Cheeran et al. (11) , who also examined immature cells obtained from fetal brains, most likely depends on the differences in tissue origin, culture conditions, and viral strains used in the different experiments. In the present study, we examined NPCs obtained from the forebrain and cultured these cells as free-floating neurospheres in the presence of the growth factors CNTF, EGF, and FGF. In contrast, Cheeran et al. examined cells from the whole central nervous system (CNS; except for the spinal cord and the brainstem), and the cells examined were grown as adherent cells in the presence of EGF and FGF.
Neural stem cells grown either as neurospheres or an adherent monolayer are described to consist of different cell populations. While neurospheres consist of multipotent neural stem cells and cells in different stages of differentiation, cells grown as a monolayer mainly consist of neural precursor cells and less multipotent neural stem cells (3). Since current evidence suggest that neural stem cells grown as neurospheres consist of different cell populations as compared to adherent monolayers of these cells, we have most likely examined very different cell populations. In support of this hypothesis, neurospheres appear to consist of multipotent neural stem cells as well as neural precursor cells in different stages of differentiation, but cells grown in monolayers mainly consist of less multipotent neural stem cells and neural precursor cells (3) . Therefore, we may have examined a more immature cell population that responded differently to HCMV infection. Since we also have used different viral strains of HCMV, strain variability, which is well known in the field, may also explain the differences in the divergent results obtained. Furthermore, other different cellular properties have also been described in cells obtained from different regions of the CNS (24).
Apoptosis was not observed in infected cultures treated with Foscavir, indicating that the induction of apoptosis of infected cells is caused by viral late gene expression or transcription and/or may also be due to the inhibition of differentiation. In addition, soluble factors, virus or host encoded, were not responsible for the induced apoptotic activity that we observed in infected cells. Furthermore, the HCMV protein US28 was recently found to be proapoptotic (44) , but the interaction between pro-and antiapoptotic viral proteins in HCMV-infected cells has not been fully examined. Infection of astrocytes with HCMV is associated with increased cell death, but whether this phenomenon is due to enhanced apoptotic activity remains controversial (33, 35) . Moreover, MCMV induces apoptosis in uninfected neuronal cells in vivo (30) , but not in in vitro culture (30) . In addition, HCMV has been reported to induce apoptosis in hematopoietic progenitor MO7 cells (51) . Clearly the capacity of HCMV to block or even induce apoptosis in infected cells may be dependent on the stage of differentiation, cells of different origins and/or different culture conditions, and the virus strains involved.
As mentioned, microcephaly and polymicrogyria are the most prominent features of brain disorders associated with congenital CMV infection in humans (5, 6, 43) . One hypothesis is that these brain disorders originate from the disturbance of cellular processes within the ventricular region, in which stem cells are proliferating, as well as from disruption of the movement of these cells away from the ventricular zone, their developmental commitment termination to the neuronal or glial lineage, and the subsequent migration of the latter cells. This hypothesis is supported by the observation that cells in the ventricular and SVZ regions are the primary targets for the virus in connection with congenital HCMV infection (43) . The impairment of migration (50) and reduction in self-renewal and differentiation of murine neuronal stem cells caused by MCMV (29) also strengthen this theory. In addition, placental MCMV infection in mice results in the development of microcephaly (32) and preferential infection of cells in the ventricular zone and SVZ (28, 29, 32, 49, 58) . In summary, we have shown in this study that HCMV not only prevents the neuronal differentiation, but also induces apoptosis and arrested cell growth in these cells. Further studies are required in order to elucidate the underlying mechanisms and clinical consequences of these effects. 
